Chromosomal hyperdiploidy is the defining genetic signature in 40-50% of myeloma (MM) patients. We characterize hyperdiploid-MM (H-MM) in terms of its clinical and prognostic features in a cohort of 220 H-MM patients entered into clinical trials. Hyperdiploid-myeloma is associated with male sex, kappa immunoglobulin subtype, symptomatic bone disease and better survival compared to nonhyperdiploid-MM (median overall survival 48 vs 35 months, log-rank P ¼ 0.023), despite similar response to treatment. Among 108 H-MM cases with FISH studies for common genetic abnormalities, survival is negatively affected by the existence of immunoglobulin heavy chain (IgH) translocations, especially those involving unknown partners, while the presence of chromosome 13 deletion by FISH did not significantly affect survival (median overall survival 50 vs 47 months, log-rank P ¼ 0.47). Hyperdiploidmyeloma is therefore a unique genetic subtype of MM associated with improved outcome with distinct clinical features. The existence of IgH translocations but not chromosome 13 deletion by FISH negatively impacts survival and may allow further risk stratification of this population of MM patients.
Introduction
The genetics of multiple myeloma (MM) have been gradually unraveled in the past decade, with the initial observation of frequent translocations into the immunoglobulin heavy chain switch region (IgH), 1 to the identification and cloning of several oncogenes involved in these translocations, [2] [3] [4] [5] to the more recent observation that most patients with these primary translocations have nonhyperdiploid chromosome number (nonhyperdiploid-MM, NH-MM) while the other group of patients are now recognized to have a lack of IgH translocations and have a hyperdiploid chromosome number characterized by trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19 and 21 (hyperdiploid-MM, H-MM). [6] [7] [8] [9] The recent confirmation of the hyperdiploid and nonhyperdiploid segregation in MGUS provides compelling evidence of early divergent pathways for these two broad genetic categories of MM. 10 The validity of this genetic model has been substantiated by several studies showing distinct prognosis; 7, [11] [12] [13] [14] [15] [16] [17] [18] and molecular signatures between the hyperdiploid and nonhyperdiploid genetic subtypes. 19 Although much has been published on MM with primary translocations and NH-MM, there is as yet no published systematic evaluation of the clinical and biologic characteristic of H-MM, which constitute about 40-50% of all MM. Therefore, we conducted a retrospective analysis of 366 MM patients entered into Eastern Cooperative Oncology Group (ECOG) trials with the goal of characterizing H-MM in terms of its associated clinical, prognostic and biologic features. In particular, we were interested to know if the prognosis of patients with H-MM is modulated by the presence of other known important genetic prognostic factors such as chromosome 13 deletion (D13), 17p/p53 deletion or IgH translocations.
Methods

Patient characteristics
Patients enrolled in the ECOG E9486 clinical trial and its associated correlative laboratory study E9487 (N ¼ 561) were newly diagnosed MM and have been described in detail elsewhere. 20 They were randomized to receive variations of melphalan-based conventional chemotherapy (VBMCP). The median survival of the whole group was 42 months (95% confidence intervals (CI) 39-46 months), which is comparable to most other chemotherapy trials. These patients have extensive follow-up information with median follow-up of survivors being 12 years that results in negligible censoring.
Routine demographic, clinical and laboratory results were obtained at time of trial entry. Plasma cell labeling index (PCLI) was performed using a slide-based method as previously described. 21 Plasma cell morphology was also assessed as previously described. 22 Patients were also assigned to the International Staging System (ISS) stages for MM 23 for comparison. In addition, radiological evidence (lytic lesions), symptoms and serum markers of bone disease including osteocalcin (OC), carboxy-terminal propeptide of type I collagen (PICP), bone alkaline phosphatase (BAP), carboxy-terminal telopeptide of type I collagen (ICTP) and tartrate-resistant acid phosphatase (TRAP), measured as previously described, 24 were compared. A total of 366 patients with ploidy status were included in our analysis of clinical, biologic and prognostic features of H-MM in comparison to the nonhyperdiploid variant (Table 1). A subset of 108 H-MM patients with all relevant FISH studies available were used to assess the prognostic importance of other common cytogenetic abnormalities in H-MM. Conventional karyotype analysis was not part of the study protocol and is thus not available for analysis.
Bone marrow samples
Under Mayo Clinic institutional review board approval and informed consent, bone marrow research samples were obtained, and cytospin slides were stored for future use at À701C. Bone marrow aspirate samples were enriched for mononuclear cells using the Ficol method.
cIg-FISH
To precisely score the genetic markers, we combined interphase FISH with immune-fluorescent detection of the cytoplasmicimmunoglobulin light-chain as described previously (cIg-FISH). 25 We used a previously reported set of probes to detect D13, 17p/p53 deletion, t(11;14)(q31;q32), t(4;14)(p16.3;q32); t(14;16)(q32;q23) and IgH translocation (V H /C H probes using a 'break-apart' strategy). Hybridization, validation and scoring procedures have been reported in detail in our previous studies. 8, 12, 16, 17, 26, 27 
DNA content analysis
The flow cytometry determination of total DNA content was analyzed by dual channel flow cytometry using propidium iodide to measure the DNA content and kappa and lambda light chain antisera to identify the clonal cells as previously described. 28 The following DNA index criteria were used for 
Statistical analysis
To characterize the patients in the study, we used descriptive statistics. For continuous variables the Wilcoxon rank sum test was used to test for differences between H-MM and NH-MM. Fisher exact test was used to test differences among levels of categorical variables between H-MM and NH-MM. The distributions for overall survival (OS) and progression-free survival (PFS) were estimated using the method of Kaplan and Meier. The log-rank test was used to test for differences in survival between groups. Median OS and PFS times were obtained from the estimated survival curves, and 95% CI for these estimated times were based on the sign test. Cox proportional hazards models were used to assess the association of several prognostic factors with OS and PFS. Variables were selected using a stepwise selection from a list of candidate variables. A P-value of less than 0.05 is considered significant.
Results
Clinical features of patients
Of the 366 patients with ploidy determined by flow cytometry, 220 (60%) were hyperdiploid and 146 (40%) were nonhyperdiploid. The patient characteristics were similar between the 31 and plasmablastic morphology 22 were also similar between the two groups whether analyzed as continuous (Table 1) or categorical variables (Table 2 ). Plasma cell labeling index appeared to be lower in H-MM patients although this is not statistically significant. The only significantly different laboratory parameter was the platelet count that was higher in H-MM (P ¼ 0.045). When categorized into ISS stages, the distribution of H-MM and NH-MM patients in the three stages appeared similar (Table 2) .
In terms of bone disease, H-MM patients had significantly more evidence of bone disease compared to NH-MM patients. However, the levels of serum markers of bones disease were similar between the two groups (Table 3) .
Survival and response to treatment
The objective response rates were similar in the three different treatment arms in this trial for both H-MM and NH-MM patients and were summarized together. The objective response rate to treatment was not statistically different although there is a trend towards better response for H-MM patients (70 vs 63%, Fisher's exact P ¼ 0.17). However, PFS and OS were significantly better for H-MM patients. The median PFS of H-MM patients was 32 months (95% CI 28-35 months) as compared to 25 months (95% CI 20-30 months) for the NH-MM patients (log-rank P ¼ 0.023), while the median OS of H-MM patients was 48 months (95% CI 41-51 months) compared to 35 months (95% CI 30-40 months) for NH-MM patients (log-rank P ¼ 0.023) (Figure 1 ). 
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Prevalence of other major genetic abnormalities in hyperdiploid-myeloma
The prevalence of genetic abnormalities such as IgH translocations and D13 in this cohort of H-MM patients has previously been published. 8 In that study, we showed the association between primary IgH translocations and nonhyperdiploidy. In the present study, we have expanded on those previous observations. We found that secondary IgH translocations (i.e. those involving nonrecurrent chromosome partners) were more common in H-MM. Of all patients with secondary IgH translocations in this series (n ¼ 37), 26 cases belonged to the H-MM category (70%). Of all the IgH translocations observed in H-MM patients, most were secondary (26 out of 42, 62%), which was in sharp distinction to the NH-MM variant (11 of 75 IgH translocations were secondary, 15%) (Po0.001). The prevalence of 17p deletion involving the p53 locus was similar in both H-MM and NH-MM patients (10 vs 12%, P ¼ 0.818).
Impact of immunoglobulin heavy chain translocation and chromosome 13 and 17p deletions on survival of hyperdiploid-myeloma patients
When the effect of these genetic abnormalities on the survival of H-MM patients was analyzed, the presence of IgH translocations, especially those with t(4;14) or t(14;16) and those with unknown partners, adversely affected survival (Table 4 , Figure 2a ). Among these IgH translocations, only IgH translocation with unknown partners was significantly associated with poor survival in H-MM (Table 5) .
Hyperdiploid-myeloma patients with or without D13 had similar PFS (median 31 months vs 30 months, P ¼ 0.55) and OS (median 47 months vs 50 months, P ¼ 0.47). Hyperdiploidmyeloma patients with chromosome 17p deletion had a shorter survival than those without (median PFS 20 months vs 31 months, P ¼ 0.16; median OS 20 months vs 50 months, P ¼ 0.12) although this did not reach statistical significance (Table 4 , Figure 2b and c). Table 4 Overall survival and progression-free survival among hyperdiploid myeloma patients with additional genetic abnormalities , t(14;16) and those with unknown partners was significantly inferior to those without whereas survival was not significantly different between patients with and without chromosome 13 and 17p deletions.
Prognostic factors for hyperdiploid-myeloma patients
A Cox proportional hazard analysis including variables such age, albumin, B 2 M, CRP, bone abnormality, PCLI, plasmablastic morphology, treatment arms, chromosome 13 and 17p deletion and IgH translocations was performed in a subset of 102 hyperdiploid patients with all the relevant information available. b 2 -MicroglobulinX3.5 mg/dl and PCLIX1% emerged as independent factors predictive of poorer OS, whereas CRP40.8 mg/ dl, B 2 MX3.5 mg/dl and PCLIX1% were independent factors predictive of disease progression (Table 6) .
Discussion
This is the largest series of H-MM patients published to date. Owing to the homogeneity of treatment in a trial setting, long clinical follow-up (median follow-up of 12 years) and comprehensive clinical and genetic investigations of this cohort of patient, this is a useful resource of characterizing and studying potential prognostic factors in H-MM. The percentage of H-MM patients in our cohort may appear high but is close to the 55% reported in the original French study using conventional karyotyping. 6 Our study cohort consists of unselected patients entered into a clinical trial, and the difference in percentage of H-MM probably reflects variability often encountered in different study cohorts. The method used to define ploidy could potentially account for the higher percentage of H-MM patients report. However, flow cytometry is an established method for defining ploidy in MM. Its main shortcoming is in identifying hypodiploid state but not hyperdiploidy. Furthermore, the cutoffs we used were established and validated in previous studies. 17, 28 We did not consider the clonal diversity and karyotypic complexity of H-MM in this analysis, as karyotyping results were not available for these patients. However, due to the welldocumented difficulties with karyotypic analysis in MM, only a minority would be informative karyotype even if they were available. Furthermore, the extent of clonal diversity in MM is considerable and its biologic and clinical significance currently unknown, making analysis and interpretation difficult if taken into account. As the size of our cohort of H-MM patients is considerable, we believe the spectrum of karyotypic complexities demonstrated in previous studies will also be found in our patients.
Clinical characteristics of hyperdiploid-myeloma patients
The H-MM patients were comprehensively characterized using a wide range of clinical parameters. Hyperdiploid-myeloma appears to be associated with male sex, kappa light chain subtypes, and more bone disease. The higher prevalence of bone disease in H-MM patients is consistent with a previous analysis based on MRI detection of bone disease and using the translocation and cyclin D (TC) molecular classification of MM where the D1 group (corresponding to H-MM) have a high prevalence of bone lesion. 32 In that study, patients with t(11;14)(q13;q32) also have a higher incidence of bone disease. However, other studies have failed to make similar correlations between other more aggressive genetic subtypes such as t(4;14)(p16;q32) and bone disease. 12, 33, 34 Overall it appears that the more favorable categories (t(11;14) and H-MM) have a higher prevalence of bone disease. This may be due to a slower rate of progression from MGUS to MM allowing more time for bone lesions to develop. Alternatively, the duration of contact of plasma cells with the bone marrow microenvironment may be important in the development of bone lesions.
Hyperdiploid-myeloma patients have better survival than nonhyperdiploid-myeloma
We confirmed the better PFS and OS of H-MM that has previously been reported in smaller cohorts. 7, 11, 35 Although survival is different between the H-MM and NH-MM, their response to therapy is not different. This suggests that response of H-MM patients to chemotherapy is more durable. Furthermore, as patients in our series are treated with chemotherapy, the difference in OS may also suggest that H-MM are more salvageable with secondary treatment especially stem cell transplantation. A recent study in patients treated by autologous stem cell transplantation has shown that H-MM patients has significantly better outcome. 15 However, it is presently unclear whether the different ploidy categories of MM have different outcome when treated with recent novel therapeutics such as thalidomide and its derivatives, and bortezomib.
It also appears that the difference in survival is not mediated by known clinical prognostic factors. Levels of prognostic Table 5 Cox proportional hazard regression model for overall survival within hyperdiploid myeloma when only immunoglobulin heavy chain translocations are considered 37, 38 are associated with poorer prognosis regardless of treatment modalities. On the other hand, t(11;14) has been associated with better prognosis in patients treated with high dose chemotherapy and stem cell support in some series 13, 16 but not others. 39 These abnormalities are also present in H-MM albeit at lower percentages. In this study, we showed that the survival of H-MM patients is negatively affected by the coexistence of IgH translocations, in particular those with unknown partners, but not by chromosome 13. Our results agreed with a French study, which showed similar observations using conventional karyotype analysis in a smaller cohort of patients, 11 but contrasted with that of Fassas et al. 15 who showed that D13 retained independent prognostic significance within ploidy categories. This discrepancy could be due to the fact that the two studies differ in the techniques used to detect D13. The karyotypic detection of D13 by Fassas et al. 15 could confer additional prognostic significance as it may also indicate greater proliferation of the underlying clone. 40, 41 Our FISH-based study allow us to overcome some of the limitations of conventional cytogenetics. In addition, we were able to investigate the modulating effect of t(4;14) which is cytogenetically cryptic.
The adverse impact on prognosis of the IgH translocations with unknown partners in H-MM suggests that these genetic changes probably occur as late secondary events due to ongoing genomic instability in more advance tumors. 42 Regarding D13, our findings add credence to the argument that the previously demonstrated poor prognostic impact of D13 could be due to its strong association with poor prognostic genetic abnormalities like t(4;14) and t(14;16) and not D13 per se.
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Chromosome 17p/p53 deletion has not been previously examined in relation to ploidy. We found that the prevalence of 17p/p53 deletion was similar between H-MM and NH-MM patients, consistent with its role as a secondary progression event in MM. Patients with 17p/p53 deletion demonstrates a strong trend towards poorer survival although this did not reach statistical significance. The impact of 17p/p53 deletion on the survival of hyperdiploid patients will need to be clarified in larger studies in the future.
Prognostic factors in hyperdiploid-myeloma patients
Conventional prognostic factor such as CRP, B 2 M, and PCLI emerged as independent prognostic factors in H-MM on Cox proportional hazard analysis. Although IgH translocations significantly affected survival in univariate analysis, their significance was not retained when other variables was considered in the Cox proportional hazard model. This is most likely due to the low number of H-MM patients with these additional genetic abnormalities.
In conclusion, our study provides further evidence that H-MM represents a distinct clinical entity associated with male sex, kappa light chain subtype, bone disease and better prognosis. We showed that among other common genetic abnormalities, the presence of IgH translocations but not D13 confer a worse prognosis in these patients. Biologically, the adverse impact of IgH translocations may be mediated through upregulation of proliferation genes in the case of translocations with known oncogenic partners. Alternatively, the presence of IgH translocations may be a reflection of the advance stage of genomic instability of the underlying tumor. Understanding the clinical impact of the interactions between recurrent genetic abnormalities and ploidy will allow better risk stratification and prioritization of investigations in these patients.
